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Controlled Etching and Tapering of Au Nanorods using Cysteamine
Brian Szychowski,** Haixu Leng, ® Matthew Pelton,b and Marie-Christine Daniel®

While gold nanorods (AuNRs) have found many applications due to their unique optical properties, a few challenges
persist in their synthesis. Namely, it is often difficult to reproducibly synthesize AuNRs with specific and monodisperse
sizes, especially at shorter aspect ratios. Here, we report a method of post-synthesis precise tailoring of AuUNRs by etching
with cysteamine. Cysteamine selectively etches AuNRs from their ends while preserving the initial rod shape and
monodispersity, making this a viable means of obtaining highly monodisperse short AuNRs down to aspect ratio 2.3.
Further, we explore the effect of this etching method on two types of silica-coated AuNRs: silica side-coated and silica end-
coated AuNRs. We find that the etching process is cysteamine concentration-dependent and can lead to different degrees
of sharpening of the silica-coated AuNRs, forming elongated tips. We also find that cysteamine behaves only as a ligand at
concentrations above 200 mM, as no etching of the AuNRs is observed in this condition. Simulations show that excitation
of plasmon resonances in these sharpened AuNRs produces local electric fields twice as strong as those produced by
conventional AuNRs. Thus, cysteamine etching of AuNRs is shown to be an effective means of tailoring both the size and

shape of AuNRs along with their corresponding optical properties. At the same time, the resulting cysteamine coating on

the etched AuNRs displays terminal amino groups that allow for further functionalization of the nanorods.

Introduction

Gold nanorods (AuNRs) have attracted attention due to their
potential wide-ranging applications, including as bioimaging and
therapeutic agents,l‘ % sensors,’ drug delivery systems,4‘ ® for surface
enhanced Raman spectroscopy (SERS),® information processing,7
light harvesting,8 photocatalysis9 and the development of
metamaterials.’® The properties of AuNRs are highly dependent on
not only the size of the particles, but also on the specific shape of
11-14 .

Gold nanorods are most commonly synthesized
14-16 .
which has been

their ends.
through a seed-mediated growth method,
extensively investigated to improve yield and accessible size
ranges.17 However, due to the reaction's sensitivity to impurities
and small differences in starting materials, the method often leads
to batch-to-batch and person-to-person variation in the exact size
of the AuNRs formed.'® Thus, it can be difficult to obtain AuNRs
possessing precise sizes, and therefore, control of their optical
properties.

This challenge has led to the study of the post-synthesis
modification of AuNRs, in order to more precisely tailor the

properties for the desired application. This can be done either
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through controlled etching of AuNRs'*? or through further growth

of the rods through reduction of additional gold.27'29 Etching
usually starts preferentially at the ends of the rods, leading to the
shortening of rods with time until they eventually resemble
spherical nanoparticles,m'22 Growth also generally occurs
preferentially at the ends of the rods, which has been used to
create  AuNRs possessing unique tip-morphologies including
dumbbell shapes,11 dog-bone structures,”® arrow-head tips,29 and
nanocuboids.*® 3! Arrow-head tips are a unique case which can
continually be grown until the rods eventually transform into
octahedra.”’ The reverse, making flat-tipped rods from arrow-head
or dog-bone structures, is also possible.32

In this study, we describe a novel method of etching AuNRs
using cysteamine.  Cysteamine etching has been previously
reported for gold nanospheres33 as well as small gold
nanoclusters.® * However, its effect on gold nanorods has not
been studied. In contrast to existing methods, we find that
cysteamine offers several advantages: 1) its use does not require
harsh conditions*® (e.g., high temperature,zs’ 37 acidic conditions,gs'
*or the presence of iodine™® % or metal ions?>%> 3% 4% 42) frequently
needed in current methods of AuNR etching, and 2) the etching
reaction preserves the AuNR shape and does not lead to spherical
nanoparticles. Furthermore, we study the etching process using
silica-coated AuNRs (side-coated, end-coated, and with a complete
shell) and demonstrate that under certain conditions, cysteamine
etching leads to a tapering of the nanorods ends. Simulations
reveal these sharpened AuNRs to have a greater surface plasmon
field enhancement at the tips than conventional nanorods of similar
sizes, making them potentially useful in the fields of optics and
plasmonics.

J. Name., 2013, 00, 1-3 | 1



Nanoscale

Results and discussion

In this study, we investigate the effect of cysteamine on AuNRs
with several types of coating (CTAB, silica side-coating, silica end-
coating, full silica coating) as summarized in Figure 1. We find that,
although cysteamine is generally considered only as a water-soluble
thiol ligand that can displace a citrate or CTAB coating, it can also
display some significant and controllable gold etching properties
under specific conditions. Depending on the coating, the AuNRs
react differently in the presence of cysteamine, and the reaction
temperature as well as cysteamine concentration can also influence
the final results.

o

«*= CTAB
+ = Cysteamine

-~~~ =HS-PEG-OMe
= Silica

Figure 1. Scheme summarizing the different types of AuNRs used in
this study and the resulting structures obtained after etching with 5
mM cysteamine. (a) CTAB-stabilized AuNRs, (b) silica side-coated
AuNRs, (c) silica end-coated AuNRs, and (d) fully silica-coated
AuNRs.

Cysteamine etching of CTAB-coated AuNRs

Figure 2 shows the results of cysteamine etching of CTAB-
stabilized gold nanorods performed at 70°C using 5 mM
cysteamine solution. In the absorption spectra, we observe no
change in the transverse surface plasmon resonance (SPR)
peak during the etching process; however, there is a steady
blue shift in the longitudinal SPR peak with time, consistent
with a shortening of the AuNRs. This was confirmed by
transmission electron microscopy (TEM) imaging, where it was
found that the average length of the rods decreased from 75
nm to 55 nm after 6 hours, whereas the width showed no
significant change (26 nm to 23 nm). This corresponds to a
decrease of the aspect ratio from 2.9 to 2.3. The preferential
end-etching is consistent with previous reports investigating
the etching of gold nanorods using different etchants.”®? Itis
believed that the difference in crystal structure as well as the

2| J. Name., 2012, 00, 1-3

lower packing density of CTAB at the ends of the rods make
the ends more susceptible to etching, leading to a shortening

of the rod and decrease in the longitudinal SPR peak
wavelength.29
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Figure 2. Etching of CTAB-stabilized AuNRs with 5 mM cysteamine
at 70°C. (a) Evolution of AuNR absorption spectrum with time. (b)
Change in longitudinal surface plasmon resonance peak position
with time. (c) Distribution in AuNR length before and after etching.
(d) Distribution in AuNR width before and after etching. (e) TEM
image of AuNRs before etching. (f) TEM image of AuNRs after
etching.

In contrast to existing etching techniques for gold
nanorods, we do not observe either a linear decline of the
longitudinal SPR peak with time until spherical particles are
achieved, or the eventual complete dissolution of the gold.lg'22
Instead, we see an approximately linear decline for the first 8
hours, during which the wavelength of the longitudinal SPR
peak blue-shifts around 10 nm per hour. After 8 hours, the
etching rate starts slowing down, as the longitudinal SPR peak
only shifts 38 nm in the next 16 hours. Additional time (up to
4 days) yields no further change in the longitudinal peak
position (Figure S1), and the AuNR shape starts to become
irregular rather than shorter (Figure S2). One explanation for
this behavior is the dual role of cysteamine; the cysteamine
can act as both an etchant and a stabilizing ligand. The thiol
group of cysteamine can form a strong bond with the gold
atoms at the surface of the AuNR, potentially preventing

This journal is © The Royal Society of Chemistry 20xx
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further etching. At low concentration of cysteamine (5 mM),
the rate of etching seems higher than the rate of surface
coordination, which allows for significant shortening of the
nanorods before cysteamine eventually forms a complete
passivating layer on the nanorods ends.

We then varied some conditions to test their effect on the
etching efficacy of cysteamine. Carrying out the reaction at
lower temperatures (50 or 60°C) results in a slower rate of
AuNR etching (Figure S1). Using higher temperature (80°C)
also leads to overall lower etching efficiency (Figure S1),
making 70°C the optimum temperature for AuNR etching using
cysteamine. Doubling the concentration of cysteamine (from 5
mM to 10 mM) does not lead to significant difference in
etching (Figure S1). Finally, increasing the pH from 5.5
(ultrapure water) to 8 (ultrapure water + NaHCOs3) results in
much faster etching initially (Figure S1), but leads to
aggregation of the AuNRs within 2 hours. One possible
explanation is that the amine of the cysteamine hydrochloride
salt gets deprotonated under basic conditions, leading to a loss
of electrostatic repulsion between AuNRs as it forms a
passivating layer on the surface of the rods.

Because the rod shape is preserved during etching, this can
be useful as a method to prepare shorter AuNRs with high
monodispersity. Indeed, the initial monodispersity is preserved
during cysteamine etching, as the standard deviation remains
nearly unchanged (10% before etching to 12% afterwards).
Making highly uniform shorter aspect ratio AuNRs is often
challenging due to the nature of the synthesis. Silver ions are
needed for symmetry breaking in order to obtain rods, but a
higher concentration will also lead to longer AuNRs;43 a low
concentration is needed to get short AuNRs, but too low will
lead to more spherical particles. This leads to a very narrow
range of silver ion concentration that can result in short
AuNRs. Starting from longer AuNRs and using cysteamine
etching allows highly controlled fine-tuning of AuNRs using
mild conditions.

Heatingzs’ 37, 4% 4% t5 100°C as well as photothermal

reshaping“' *” have both been proposed as methods of AUNR
shortening. In order to confirm that the etching was the result
of cysteamine and not simply heating the sample, control tests
were performed by heating AuNRs without adding cysteamine
and by adding cysteamine to AuNRs at room temperature
(Figure S3). It was found that heating AuNRs led to no change
in the longitudinal SPR peak position even after 24 hours at
70°C. At room temperature, cysteamine still led to a shift in
the longitudinal SPR peak position, though at a much slower
rate.

In the previously reported etching of small gold
nanoclusters by cysteamine,34’ Bt s hypothesized that the
etching is a result of the thiolate group and can be performed
with other thiol As a control, we tested
mercaptopropionic acid, a small water-soluble thiol molecule
comparable to cysteamine in size, and saw no change in the
SPR peak after 24 hours (Figure S3). Thus this seems to

indicate that the etching properties of cysteamine are not

molecules.

This journal is © The Royal Society of Chemistry 20xx

simply due to the presence of the thiol group. Reported
etching procedures work by way of redox reaction; an oxidant
in solution (such as hydrogen peroxide,zo‘ 21,2326 iodide,lg‘ Lor
oxygen4o) oxidizes Au® from the surface of the AuNRs to Au*
ions, ultimately leading to a decrease in the nanoparticle size.
It has also been proposed that the O, radical is responsible for
the etching that occurs.”*® Since cysteamine, commonly used
as a reductant in biological applications,49 has greater potential
as a reducing agent than as an oxidizing agent, we propose
that cysteamine does not etch the AuNR directly; rather, it acts
as a catalyst, reacting with oxygen first and reducing it to form
the H,0, which in turn is then capable of oxidizing the AU°
atoms through the mechanism described by Chandrasekar.”® *
We thus propose the two following half-cell reactions for the
oxidation of Au® to Au" initiated by cysteamine in the presence
of oxygen:

2 HSCH,CH,NH;"Cl" + O, = (SCH,CH,NH,), + H,0, + 2CI" + 2H"
(1)
2Au
(2)

The production of H,0, by cysteamine while heating at 60 °C
was verified using an iodometric assay.50 The generation of an
absorption peak at 360 nm confirmed the presence of H,0, in
solution after heating cysteamine in water for 6 h (Figure S4).
This validates reaction (1) of our proposed mechanism. While
the reaction (2) has already been reported in previous studies
on Au® oxidation using H,0,, the reaction schemes involved
bromide ions instead of chloride ions for the complexation of
the Au®" ions formed.?® 3® Indeed, the only source of anions in
these studies was CTAB. In this present work, we postulate
that the chloride ions from cysteamine hydrochloride are the
ones contributing to the complexation of the gold ions,
because we observe etching even in the absence of CTAB (in
the case of silica-coated AuNRs, vide infra).

0 + 1

+ 3H,0, + 8CI + 6H" > 2(ad"Cl] + 6H,0

This overall mechanism can also explain the observation
made by Wang et orl;33 when studying the cysteamine etching
of gold nanospheres, they found that a lack of oxygen led to no
etching in the presence of cysteamine.

Cysteamine etching of silica-coated AuNRs

We next looked at how the etching process was affected by the
presence of a silica coating on the AuNRs. Silica shells were grown
either at the ends, on the sides, or as a complete shell around the
AuNRs. The controlled placement of silica shells at different
locations on both AuNRs®® and Au bibyramids52 has been used
previously for the anisotropic deposition of Pd. However, its effect
on etching of AuNRs has not been studied before. For all three
morphologies, tests were carried out at 60°C and using 5 mM
cysteamine. The change in longitudinal SPR peak position over time
as well as change in AuNR size after 24 hours for each of these is
shown in Figure 3. It should be noted that while tests of the
unsilicated AuNRs were performed in an aqueous 5 mM CTAB
solution, tests involving silicated AuNRs were performed in ethanol
with no CTAB present. This was done because of the better

J. Name., 2013, 00, 1-3 | 3
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solubility of the silicated AuNRs in ethanol. However, control tests
indicated no difference in rate or extent of etching when water or
ethanol was used as solvent (Figure S3). Previous studies reporting
etching methods have suggested that CTAB is necessary for etching
to be observed when using H,0, or HAuCl, as etchants;ze’ >3 once
oxidized and removed, the Au” ions form a stable complex with the
CTAB, preventing it from reducing back to Au’ and reassembling on
the AuNR surface. Other studies have proposed that thiols (e.g.,
mercaptoethanol) complex with Au® during the etching of spherical
gold nanoparticles.54 Thus it is likely that CTAB is not necessary in
the present study because cysteamine is using its chloride
counterion (since the ammonium chloride slat form of cysteamine is
used here) to complex the Au® ions once they have been removed
from the surface of the nanorod.

a Complete shell
-+-End-coated

T 740 + -=-Side-coated

£ 720 e,
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Figure 3. Comparison of etching effect on fully silica-coated AuNRs,
silica end-coated AuNRs and silica side-coated AuNRs using 5 mM
cysteamine at 60°C. Each etching experiment was done in triplicate.
(a) Change in longitudinal surface plasmon peak position with time.
Data points are the average of three trials. Error bars represent the
minimum and maximum of the three trials. (b) Length and width
measured from TEM images of starting AuNRs as well as after 24
hours of etching. Error bars show the standard deviation.

In the case of AuNRs surrounded by a complete shell of silica,
little change was observed even 24 hours after cysteamine addition
(Figure 3). The average of the three trials had a decrease in the
longitudinal surface plasmon resonance (LSPR) peak position from
730 nm to 722 nm, corresponding to a 5 nm decrease in length
(Table 1) indicating that the etching occurs at a drastically reduced

4| J. Name., 2012, 00, 1-3

rate when compared to the unsilicated AuNRs. Representative TEM
images are shown in Figure 4(a). The complete silica shell around
the AuNRs considerably restricts access to the surface gold atoms
by cysteamine (and even the hydrogen peroxide responsible for
the etching according to the proposed mechanism). However, it is
still possible for cysteamine and H,0, to slowly diffuse through the
silica shell and induce some etching over time, given the
mesoporous nature of the silica shells.” ** 3¢

The AuNRs with silica side-coating showed a dramatic change
both in the longitudinal SPR peak position and in its size after 24
hours of etching, comparable to the unsilicated AuNRs (Figure 3).
This is to be expected, given that the etching occurs preferentially
at the end of the AuNRs and the ends of the AuNRs are exposed in
this case. We see the same trend as in the unsilicated AuNRs where
there is a rapid decline, after which the peak wavelength levels off
and no further change is observed. However, in the case of the
side-coated AuNRs, the inflection point appears sooner, both in
terms of time and wavelength reached. Based on TEM images
(shown in Figure 4(c,d)) it appears that as the etching occurs, the
silica shell from the sides closes in around the ends leading to a
complete silica shell around the etched AuNRs. Based on tests on
AuNRs with a complete silica shell (vide supra), the completion of
the silica shell is expected to lead to a dramatic decrease in the rate
of any etching, consistent with our observations.

Table 1. Dimensions of AuNRs with different coatings after
cysteamine etching.

. Tip Length
Length (nm) Width (nm) (nm)
74.9 26.5 6

Start +/-7.2 +/-2.8 +/-15
CTAB 55 23.2 5.8

(5 mm) +/-6.6 +/-2.8 +/-1.2
Complete shell 69.9 30.4 7.5

(5 mm) +/-9.3 +/-2.7 +/-1.6

Side-coated (5 59.1 26.5 7

mM) +/-9.4 +/-2.8 +/-1.8
End-coated 62.7 27.2 9.8

(5 mMm) +/-9.3 +/-3.3 +/-2.3
Side-coated (53 59.4 25.4 11.2

mM) +/-10.7 +/-2.6 +/-2.2
End-coated (53 74.3 28.2 11.3

mM) +/-11.2 +/-3.2 +/-2.5
Side-coated 65.3 25.1 8.2

(221 mMm) +/-7.3 +/-2.8 +/-1.8
End-coated 84.6 27.3 8.3

(221 mMm) +/-5.6 +/-1.3 +/-1.9

In the case of the silica end-coated AuNRs, TEM analysis
indicates that etching still occurs preferentially from the end of the

This journal is © The Royal Society of Chemistry 20xx
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rods, in spite of the presence of the silica caps at the ends of the
rods while their sides are exposed. The length of the AuNRs
decreases from 75 nm to 63 nm in the course of 24 hours while
there is no significant change in the width of the rods during this
time. This result can be understood in terms of the relative
stabilities of the various crystal facets on the surfaces of the AuNRs.
It has been proposed that CTAB influences AuNR surface reactivity
not only by sterically blocking the surface, but also by decreasing
the surface energy of high energy facets."™ 233157 |n the case of
the silica end-coated AuNRs, CTAB has been displaced by silica at
the ends of the rods while remaining on the sides of the rods.
Consequently, the lower stability of the facets located at the
nanorod ends still allows for preferential etching at the nanorod
ends, even though the ends appear to be more sterically hindered
by the presence of the silica shell. In addition, the fact that silica is
mesoporous and that its shell is thinning towards the rod sides

might facilitate access of cysteamine from the sides to the ends.

Figure 4. Etching of several types of silica-coated AuNRs using 5 mM
cysteamine at 60°C for 24 hours. TEM images before (a, ¢, e) and
after etching (b, d, e) of: AuNRs with complete silica shell (a, b),
silica side-coated AuNRs (c, d), and silica end-coated AuNRs (e, f).

Nevertheless, we can notice, in Figure 3a, that the silica end-
coated AuNRs take longer to show the effect of etching in
comparison to the silica side-coated rods which show a plasmon
peak shift almost immediately. This is consistent with access of
cysteamine to the nanorod ends being slowed down by the

This journal is © The Royal Society of Chemistry 20xx
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presence of the SiO, end caps, whereas the ends of silica-side
coated AuNRs are exposed and easily reached by cysteamine.

Perhaps more interestingly, in the case of the silica end-coated
AuNRs, a change in the morphology of the tips is observed as
etching occurs. Figure 4(e,f) shows a sample of end-coated AuNRs
before and after etching with cysteamine. After etching, the
nanorod tips become elongated and sharper. This is highlighted in
Figure 5. A larger batch of AuNRs is also displayed in Figure S5,
which shows that all AuNRs are sharpened to some extent, and that
the degree of sharpening varies from rod to rod. In order to
quantitatively compare the extent of sharpening between samples,
we measure the tip length of the rods. We define tip length as the
distance from the end of the rod to the end of the cylindrical part of
the rod. Figure S6 shows a pictorial representation of this.

The average length of the tips increases from 6.0 nm to 9.8 nm
(Table 1) while the rods as a whole are shorter. We propose that
this is due in large part to the absence of CTAB during etching. It is
understood that CTAB helps to increase the relative stability of
higher energy [100] facets during nanorods formation, leading to
the elongation of spherical particles into rods.”” On the other hand,
it is known that [111] facets are the most stable in colloidal gold in
the absence of CTAB.2” % 3% %7 Additionally, it has been previously
observed that in the absence of CTAB, overgrowth of AuNRs by
reduction of additional HAuCl, will lead to the disappearance of
more reactive end facets and the growth of stable [111] facets so
that arrow-head AuNRs, and eventually, octahedra form. 27,29

Figure 5. Magnified image of a single silica end-coated AuNR before
(a) and after (b) etching with cysteamine (5 mM, 60°C, 24 hours).
(c) Overlay of outlines of the two AuNRs from (a) and (b),
highlighting the difference in tip shape before and after etching.

J. Name., 2013, 00,1-3 | 5
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We propose that the reshaping of AuNR tips during etching with
cysteamine follows the same principles; but rather than growing
into [111] facets, as etching occurs, more reactive facets will be
etched first, leaving four [111] facets which form the pointed tip of
the AuNRs. We do not observe this reshaping in the case of the
unsilicated AuNRs because CTAB decreases the difference in
reactivity between the higher and lower energy facets at the ends
of the AuNRs, which results in indiscriminate etching.

The absence of an observable change in the tip morphology
after etching the silica side-coated AuNRs is more challenging to
explain. Indeed the measured length of the tips is not significantly
changed (6 to 7 nm). A possible explanation could be the thiolated
polyethylene glycol (HS-PEG-OMe) ligand wused during the
preparation of silica side-coated AuNRs. Prior to the SiO, side-
coating, HS-PEG-OMe is added through ligand exchange of CTAB to
block the ends of the AuNRs so that silica is only deposited on the
sides. However it has been shown that ligand exchange of CTAB-
stabilized AuNRs often is ineffective at completely removing CTAB,58
especially in cases where large ligands such as PEG are used.” Thus
the remaining CTAB still present at the ends most probably helps to
increase the stability of the higher energy facets, leading to more
homogenous etching.

In order to better understand the limits of etching of silica-
coated AuNR using cysteamine, we assess the effect of using 10
times (53 mM) and 44 times (221 mM) higher cysteamine
concentrations. Using a cysteamine concentration of 53 mM, the
resulting silica side-coated AuNRs do display a more significant
change in the tip morphology, becoming sharper: Figure 6 shows
silica side-coated AuNRs etched with 53 mM cysteamine compared
with the same AuNRs etched using 5 mM cysteamine. The tips of
the AuNRs etched with 53 mM cysteamine increase in length from
an average of 7 nm to 11 nm (Table 1). While no sharpening is
observed at lower cysteamine concentrations due to the presence
of residual CTAB, it is plausible that the sharpening at high
concentration is due to the large excess of cysteamine, which is not
only playing the role of etching agent but also the role of a strong
stabilizing ligand with Au surface atoms. It is thus able to displace
not only the HS-PEG-OMe from the AuNR surface but also any
residual CTAB.

The use of 53 mM cysteamine for etching silica end-coated
AuNRs also leads to a more pronounced sharpening than when
using 5 mM cysteamine, with an increase in the AuNRs tip length
from 9 nm to 11 nm (Table 1). However, we also notice that in this
case the average length of the AuNRs stays essentially the same as
the starting length (74 nm), whereas silica end-coated AuNRs
etched with 5 mM cysteamine display an average length of 63 nm.
In addition, the resulting etched AuNRs do not display a SiO,
coating anymore. It seems that this higher concentration of
cysteamine is able to displace the silica caps from the ends of the
rods: this hypothesis is supported by a STEM picture showing a
AuNR with one of the silica caps away from the rod’s end (Figure
S7). Further increasing the concentration of cysteamine to 220 nM
also keeps the nanorod length unchanged, and leads to shorter tips
(average of 8 nm) than using lower cysteamine concentrations.
These results can be explained in terms of the dual-role nature of
the cysteamine. We hypothesize that, at such high concentrations,

6 | J. Name., 2012, 00, 1-3

the role of cysteamine as a ligand takes over its etching abilities,
with the rate of passivation of the nanorods surface being much
higher than the etching rate. The etching of gold by cysteamine at
low concentrations provides justification for the use of a large
excess of thiolated ligands to stabilize gold nanoparticles in
solution. We observe the same general trend for silica side-coated
AuNRs, where increasing the cysteamine concentration to 53 mM
first leads to greater sharpening of the rods, but further cysteamine
concentration increase (221 mM) leads to less sharpening and a
decrease in etching.

~End coated AuNRs

=5 mM cysteamine
53 mM cysteamine

—220 mM cysteamine

~Side coated AuNRs

=5 mM cysteamine
53 mM cysteamine

=220 mM cysteamine
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Figure 6. Cysteamine concentration-dependence of etching on
silica-coated AuNRs. UV-vis spectra for (a) silica side-coated AuNRs
and (b) silica end-coated AuNRs 24 hours after addition of different
concentrations of cysteamine. TEM images show AuNRs etched
with 5 mM cysteamine (c, d), 53 mM cysteamine (e, f), 220 mM
cysteamine (g, h).

Single-particle scattering measurements

Finally, we performed measurements of the optical scattering
spectra from single particles, and correlated the optical
measurements with electron-microscope imaging of the same
surface-plasmon field
enhancement. Figure 7 shows results for such analysis. The

particles and simulations of the local

nanorod, a silica side-coated AuNR etched with 53 mM cysteamine,
was imaged using STEM and its scattering spectra was measured
afterwards. Simulations were performed for an AuNR geometry
that matched the measured STEM image. In Figure 7, we can notice

This journal is © The Royal Society of Chemistry 20xx
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that the experimental measurement matches much better with the
simulation of the sharpened AuNR than with the unsharpened
AuNR of the same size, providing evidence of the change in
morphology. The local field intensity enhancement factor (defined
as |E|2/| Eolz, where |Eq| is the incident intensity) is enhanced from
780 in the unsharpened rod to 2,920 in the sharpened one. This
means that cysteamine etching can be used not only to adjust the
length of AuNRs post-synthesis, but it can also be used to enhance
the local field at the tips of the nanorods. This can be useful for a
variety of applications such as achieving greater fluorescence
enhancement, coupling in nanoparticle assemblies, or SERS.
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Figure 7. Single-particle study of AuNRs. (a) STEM image of a silica
side-coated AuNR etched with 44 mM cysteamine for 24 hours, (b)
Single-particle scattering measurement of the AuNR depicted in (a)
(blue), as well as simulated scattering spectra for an AUNR matching
the size and end-shape seen in (a) (black), and for an AuNR
matching the size of the one seen in (a) but with typical as-
synthesized end morphology (red). (c) Calculated enhancement
along the long axis of the simulated AuNR for sharpened (black
curve) and unsharpened (red curve) AuNR. (d) Simulated electric
field for a single AUNR matching the dimensions and shape seen in
(a) and corresponding to black curves in (b) and (c). (e) Simulated
electric field for a single AUNR matching the dimensions seen in (a)
but with typical unetched end-curvature, and corresponding to red
curves in (b) and (c).

Conclusions

We have shown that cysteamine can be used at low
concentration as an effective etchant for AuNRs. Cysteamine
etches AuNRs preferentially from the ends in a controllable
and reproducible manner, making it convenient for the post-
synthesis fine-tuning of AuNR size and therefore optical
properties. Unlike previously published methods of AuNR
etching, our method can be performed in the absence of CTAB
and does not rely on the presence of metal ions, strong acids,
or strong oxidants. Furthermore, we study for the first time
the etching of silica-coated AuNRs, and report that, under
specific conditions, cysteamine can be used to sharpen the

This journal is © The Royal Society of Chemistry 20xx

AuNR tips. This sharpening can be controlled by varying certain
parameters, for example the concentration of cysteamine used
and the location of the silica on the AuNRs, to obtain AuNRs
with precisely tailored length and tip shapes. This is useful in
the control of AuNR optical properties as well as for the
enhancement of the local surface plasmon field at the ends of
AuNRs for use in SERS and other applications. Finally, the
remaining presence of cysteamine on the AuNRs after etching
represents an additional benefit, as its terminal amino group
provides an anchoring point for further coupling of AuNRs with
other entities of interest.®
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Cysteamine has a concentration-dependent dual-role of ligand and etchant which leads to
controlled etching/tapering of gold nanorods with silica coating.




